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CC BY-NC-ND license (http://creativBackground/Purpose: To evaluate the diagnostic value of spectral computed tomography (CT)
of sacroiliac joints for axial spondyloarthritis (SpA).
Methods: We retrospectively analyzed the records of 125 patients with low back pain (LBP)
suspected of having SpA. Each patient underwent sacroiliac joint spectral CT examination. Wa-
ter- and calcium-based material decomposition images were reconstructed. After 3e6 months
of follow-up, 76 were diagnosed with SpA, and the remaining 49 patients were diagnosed with
nonspecific LBP (nLBP). The slope of sacroiliac bone marrow HU (Hounsfield unit) curve (lHU),
CT value, and bone marrow to normal muscle ratios of water and calcium concentrations in the
ilium and sacrum were calculated and compared between nLBP and SpA patients.
Results: The iliac lHU was 8.26  3.91 for nLBP and 9.81  4.92 for SpA. The mean iliac ratios of
water and calcium concentrations were 1.04  0.03 and 21.67  4.40, respectively, for nLBP,
and 1.07  0.04 and 111.5  358.98, respectively, for SpA. The mean iliac CT values were
311.12  86.52 HU for nLBP and 423.97  127.51 HU for SpA. There were statistically significant
differences in iliac ratios of water and calcium concentrations, CT value, and lHU between
nLBP and SpA patients (p < 0.05). The sensitivity of iliac lHU was the highest. The diagnostic
odds ratio of ratio of iliac calcium concentration was the highest, and its negative likelihood
ratio was the lowest.have no conflicts of interest relevant to this article.
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tatively measures bone marrow edema in the sacroiliac joints of SpA patients.
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Seronegative spondyloarthritis (SpA) is a chronic inflam-
matory rheumatologic disease. Sacroiliitis is the earliest
clinical finding and is the diagnostic feature for SpA.1
Computed tomography (CT) is sensitive in detecting the
chronic changes in the sacroiliac joints (SIJs); however,
magnetic resonance imaging (MRI) is more sensitive in
identifying early signs of sacroiliitis including osteitis,
enthesitis, and capsulitis.2,3 With the increasing use of MRI
to detect early features of SpA before identifiable radio-
graphic features, the Assessment of Spondyloarthritis In-
ternational Society (ASAS) has issued the updated criteria
for the diagnosis of SpA. The presence of sacroiliitis is listed
as one of the ASAS key criteria for the diagnosis of SpA.4,5 As
recommended by the ASAS criteria, the most commonly
used MRI sequences for the assessment of SIJs are T1-
weighted spineecho sequences, and short tau inversion
recovery (STIR) sequences.6 Recently, the emergence of
spectral CT has raised the possibility for measurements of
relative water and calcium concentrations in bone via the
acquisition of base material decomposition images. Spec-
tral CT is performed by acquiring two consecutive scans
with high and low energy (140 kV and 80 kV) using a single X-
ray tube, a high-performance gemstone detector, and with
implementation of powerful image postprocessing. By use
of these techniques, accurate material decomposition im-
ages (i.e., water- and calcium-based material decomposi-
tion images) and monochromatic spectral images at energy
levels ranging from 40 keV to 140 keV can be created.7,8
The usefulness of spectral CT for musculoskeletal diseases
in previous studies were primarily differential diagnosis of
the osteoblastic metastases from bone islands in cancer
patients, reduction of the metallic instrumentation arti-
facts, and detection of the uric acid depositing in topha-
ceous gout.9e12 The aim of this study was to analyze
whether the spectral CT sacroiliac imaging parameters
could differentiate SpA and nLBP.Methods
This study was approved by the Institutional Review Board
of the Tongji hospital. Written informed consent was ob-
tained from all participants.
Patient information
From October 2013 to May 2014, records of 125 patients (92
men and 33 women, age range 18e45 years, mean age 27.8
years) suffering from low back pain (LBP) lasting longer
than 3 months and with clinical suspicion of SpA were
retrospectively collected. All patients had experienced twoor more of the following symptoms: insidious onset of pain/
discomfort, morning stiffness, improvement of symptoms
with exercise, or pain at night. None of the patients had
histories of joint surgery, or intra-articular corticosteroid
injections in the past 6 weeks, and none was treated with
tumor necrosis factor a inhibitors or other biologic agents
during the 3 months preceding the examination. Each pa-
tient underwent spectral CT and MRI examinations to
evaluate the SIJs on the same day to reduce the influence
of time factor in comparing the imaging finding of two
methods. The spectral CT and MRI examinations were per-
formed by the same radiologist who had > 5 years of work
experience.
After 3e6 months of follow-up, two fellowship-trained
rheumatologists with > 10 years of experience evaluated
the presence of SpA based on the ASAS criteria.4 According
to ASAS criteria, a patient younger than 45 years with in-
flammatory back pain > 3 months in duration can be diag-
nosed with SpA in the presence of (1) sacroiliitis on MRI or
radiographic plus at least one typical clinical SpA feature or
(2) the presence of positive-HLA-B27 plus at least two
typical clinical SpA features. In these 125 patients, 76 pa-
tients (17 women, 59 men, age range 18e43 years, mean
age 26.4 years) were diagnosed with SpA, and 49 patients
(14 women, 35 men, age range 18e44 years, mean age 29.3
years) were diagnosed with nonspecific LBP (nLBP).
Equipment and scanning techniques
All CT scans were obtained using a standard spectral CT
scanner (GE Discovery 750 high-definition CT; GE Health-
care, Milwaukee, WI, USA), and MRIs were performed using
a 1.5-T MRI scanner (Signa HDxt; GE Healthcare).
The spectral CT scanning parameters were as follows:
collimation thickness, 0.625 mm; tube current, 550 mA;
rotation speed, 0.8 second; helical pitch, 0.984. Two types
of images were reconstructed from the single spectral CT
acquisition: conventional polychromatic images obtained at
140 kVp and monochromatic images obtained at energy of
70 keV. Slice thickness and spacing were 0.625 mm and
0.625 mm, respectively.
The MRI scanning sequences were as follows: (1) an axial
fast spin echo sequence [repetition time/echo time (TR/
TE)Z 280/7.2 ms, slice thicknessZ 4 mm]; (2) an axial fast
recovery fast spineecho sequence with fat suppression
(TR/TEZ 2220/86 ms, slice thicknessZ 4 mm); and (3) an
oblique coronal STIR sequence (TR/TE Z 4100/71.2 ms,
inversion time [TI]Z 150 ms, slice thickness Z 4 mm).
Image analysis and diagnosing criteria
Two musculoskeletal radiologists with > 5 years of muscu-
loskeletal imaging experience, blinded to the diagnosis and
Figure 1 (A,C) A patient with nLBP (male, 22 years old, HLA-B27 negative, low back pain for 3 months); (B,D) A patient with SpA
(male, 20 years old, HLA-B27 positive, low back pain for 3 months). The relative calcium concentration images (A,B) show the mean
calcium concentration of left ilium of the SpA patient (135 mg/cm3) is higher than that of nLBP patient (98 mg/cm3). Similarly, the
relative water concentration images (C,D) show that the mean water concentration of the left ilium of the SpA patient (1276 mg/
cm3) was higher than that of the nLBP patient (1074 mg/cm3). nLBP Z nonspecific low back pain; SpA Z spondyloarthritis.
660 P. Zhang et al.patient demographics, evaluated all spectral CT and MRI
images, respectively. Features evaluated by the readers
included the presence or absence of: bone marrow edema,
bone sclerosis, bone cortex erosion, and SIJ space narrow-
ing. On the water base material decomposition images of
spectral CT, when the subcortical bones of the SIJs pre-
sented high density (the water concentration was
increased), there was bone marrow edema in subcortical
bones.Image postprocessing and data collection
The monochromatic images were analyzed by a dedicated
workstation of Gemstone Spectral CT Imaging (GSI) viewer
(AW 461; GE Healthcare). Through GSI reconstruction, base
material decomposition images were made choosingTable 1 Comparison of imaging findings of spectral CT and MRI
Methods Bone marrow edema Bone sclerosis
Spectral CT 56/76 60/76
MRI 53/76 47/76
CT Z computed tomography; MRI Z magnetic resonance imaging.calcium and water as the base materials. In the oblique
coronal plane of the SIJ, six circular regions of interest
(ROIs; 19e21 mm2) were semiautomatically placed sepa-
rately in the subcortical bones of the SIJs bilaterally. The
distance between the center of the ROI and the bone cortex
ranged from 4 mm to 6 mm, to avoid the influence of the
cortex in the analysis (Figure 1). Within the same image
slice, two ROIs (about 30 mm2) were respectively placed in
normal psoas major muscles. The ratios of marrow water
and calcium concentration to muscle water and calcium
concentration were calculated. The polychromatic images
were transmitted to the same workstation to reconstruct
the oblique coronal images. ROIs were drawn analogously to
measure the CT values [Hounsfield unit (HU)] of both
subcortical sacral and iliac regions.
Quantitative parameters included the following: (1) the
ratio of water concentrations; (2) the ratio of calcium.
Bone cortex erosion Sacroiliac joint space narrowing
65/76 8/76
47/76 8/76
Figure 2 Attenuation to X-ray photon energies curves (HU
curves) corresponding to subcortical bones of SIJs in patients
with nLBP and SpA. HU Z Hounsfield unit; nLBP Z nonspecific
low back pain; SIJs Z sacroiliac joints; SpA Z
spondyloarthritis.
Spectral CT for axial spondyloarthritis 661concentration; (3) the slope of HU curves (lHU; the plot of
material attenuation against X-ray photon energy) corre-
sponding to subcortical sacrum and ilium calculated as the
CT attenuation difference at two energy levels (40 keV and
100 keV) divided by the energy difference (60 keV) from the
HU curve:
lHUZ (HU40keV  HU100keV)/60; (1)
and (4) CT values (HU) of bilateral subcortical sacrum and
ilium in polychromatic images. The two musculoskeletal
radiologists, blinded to the diagnosis and patient charac-
teristics, independently measured the quantitative pa-
rameters in sacra and ilia.
Data analysis
The data were analyzed using SPSS version 17.0 for Win-
dows (SPSS Inc., Chicago, IL, USA). Continuous variables
were described as mean  standard deviations. A pairedFigure 3 Box plots demonstrating statistically significant differe
concentrations, and (C) computed tomography (CT) values in iliumsample t test was used to analyze the differences of pa-
rameters (water concentration, calcium concentration, and
CT value) between the left and right sides of the SIJ. If
there were no statistical differences in the parameters
between the left and right sides, the mean value was the
total of 12 ROIs. An independent sample t test was used to
analyze the differences of parameters between nLBP and
SpA groups. Receiver operating characteristic curves were
constructed to evaluate the sensitivity and specificity of
parameters in identifying SpA and nLBP patients. The cutoff
value was chosen as the point maximizing Youden’s index. A
p value < 0.05 was considered statistically significant.
Results
No statistically significant differences were identified be-
tween the SpA and nLBP patients with respect to age and
sex. Seventy-three (96.1%) patients with SpA were HLA-B27
positive, whereas 14 (28.6%) patients with nLBP were HLA-
B27 positive.
In 76 patients with SpA, 53 (69.7%) patients had bone
marrow edema on both spectral CT and MRI. Three (3.9%)
patients had bone marrow edema on spectral CT but no
suspicious findings on MRI. Meanwhile, 47 (61.8%) patients
had bone sclerosis on both spectral CT and MRI. Thirteen
(17.1%) patients had bone sclerosis on spectral CT but no
findings on MRI. Forty-seven (61.8%) patients had bone
cortex erosions identified on both spectral CT and MRI.
Eighteen (23.7%) patients had bone cortex erosions on
spectral CT but no findings on MRI. Eight (10.5%) patients
had SIJ space narrowing on both spectral CT and MRI
(Table 1).
Attenuation to X-ray photon energy curves (HU curves)
corresponding to the subcortical bones of SIJs in patients
with nLBP and SpA are shown in Figure 2. A quantitative
analysis of the HU curves showed positive lHU for the nLBP
group (5.24  3.11 and 8.26  3.91) and the axial SpA group
(6.23  4.23 and 9.81  4.92), respectively, in the sacrum
and the ilium. There were statistically significant differ-
ences of lHU between nLBP and SpA groups in the sacrum
(t Z 4.83, p < 0.001) and in the ilium (t Z 6.36,
p < 0.001).
There was no statistical difference in water concentra-
tion, calcium concentration, and CT value between the leftnces in (A) ratio of water concentrations, (B) ratio of calcium
.
Table 2 Statistical results of spectral CT parameters.
Parameters Group Mean SD t p
Iliac ratio of water concentration nLBP 1.04 0.03 5.10 0.000
SpA 1.07 0.04
Sacral ratio of water concentration nLBP 1.00 0.03 0.062 0.951
SpA 1.00 0.03
Iliac ratio of calcium concentration nLBP 21.67 4.40 2.17 0.033
SpA 111.15 358.98
Sacral ratio of calcium concentration nLBP 13.76 4.09 1.99 0.051
SpA 44.54 135.08
Iliac CT value (HU) nLBP 311.12 86.52 5.89 0.000
SpA 423.97 127.51
Sacral CT value (HU) nLBP 162.43 57.01 0.69 0.494
SpA 170.17 64.40
CT Z computed tomography; HU Z Hounsfield unit; nLBP Z nonspecific low back pain; SD Z standard deviation;
SpA Z spondyloarthritis.
662 P. Zhang et al.and right sides of the sacrum and the ilium (p > 0.05). The
mean iliac ratios of water and calcium concentrations were
1.04  0.03 and 21.67  4.40, respectively, for nLBP pa-
tients, and 1.07  0.04 and 111.5  358.98, respectively,
for SpA patients. The mean iliac CT values were
311.12  86.52 HU for nLBP patients and 423.97  127.51
HU for SpA patients. There were statistically significant
differences (Figure 3) in ratio of water concentration
(t Z 5.10, p < 0.05), ratio of calcium concentration
(tZ 2.17, p < 0.05), and CT value (tZ 5.89, p < 0.05)
between nLBP and SpA patients in the ilia (Table 2).
To assess the capability of the iliac ratio of water and
calcium concentrations, CT value, and slope of the HU
curve in detecting SpA patients, receiver operating char-
acteristic curves were constructed and areas under the
curve (AUCs) were computed (Figure 4). The iliac parame-
ters of AUC, cutoff value, sensitivity, specificity, positive
likelihood ratio, negative likelihood ratio, and diagnostic
odds ratio are shown in Table 3. The cutoff values of iliac
ratio of water concentration, calcium concentrations, CT
value, and slope of HU curve were 1.05, 27.73, 378.81 HU,
and 8.04, respectively. The diagnostic sensitivity of the
slope of the HU curve (75%) was the highest, whereas its
diagnostic specificity (57.1%) was the lowest. The diag-
nostic specificity of the ratio of calcium concentration
(95.9%) was the highest. The positive likelihood ratio of the
ratio of calcium concentration was the highest (16.05), its
diagnostic odds ratio (44.58) was the highest, its AUC was
the largest, and its negative likelihood ratio (0.36) was the
lowest.Figure 4 ROC curves for iliac ratio of water concentration,
iliac ratio of calcium concentration, iliac CT value, and iliac
slope of HU curve in differentiating SpA patients from nLBP
patients. CT Z computed tomography; HU Z Hounsfield unit;
nLBP Z nonspecific low back pain; ROC Z receiver operating
characteristic; SpA Z spondyloarthritis.Discussion
Subcortical bone marrow edema is an important feature of
active SpA. Normal peripheral bone marrow is filled with
adipocytes, whereas an edematous cancellous bone is
characterized by an accumulation of immune cells and
microvasculature in the bone marrow replacing the marrow
adipocytes. This leads to an increase in water content and a
decrease in fat content.13 MRI demonstrating periarticular
SIJ bone marrow edema is considered to be the imaginghallmark of SpA.14 In this study, the mean iliac ratio of
water and calcium concentrations of SpA patients as
calculated on spectral CT were higher than those of the
nLBP patients. When the ratios of water and calcium con-
centrations and CT values were used to detect sacroiliitis in
axial SpA patients, the sensitivity of the ratio of water
concentration was 69.7%. Additionally, three (3.9%) pa-
tients with SpA had bone marrow edema on spectral CT but
without associated findings on MRI. This may relate to the
low signal/noise ratios of the MRIs,15 which may prevent
the detection of subtle bone marrow edema. The STIR or
fat-suppressed T2-weighted images are sensitive to the
presence of free water, but the normal peripheral bone
marrow contains adipocytes and fat-rich compartment.
Table 3 Diagnosis performance indices of iliac spectral CT parameters.
Iliac parameters Ratio of water concentration Ratio of calcium concentration CT value Slope of HU curve
AUC 0.740 0.892 0.760 0.676
Cutoff value 1.05 27.73 378.81 8.04
Sensitivity (%) 69.7 65.8 65.8 75.0
Specificity (%) 69.4 95.9 83.7 57.1
Positive likelihood ratio 2.28 16.05 4.04 1.75
Negative likelihood ratio 0.44 0.36 0.41 0.44
Diagnostic odds ratio 5.18 44.58 9.85 4.00
AUC Z area under the curve; CT Z computed tomography; HU Z Hounsfield unit.
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to proteins with a T1 similar to that of fat.15,16 Spectral CT
could show bone marrow edema in the osteosclerotic part
of the bone, whereas the STIR images remain insensitive in
this regard. When patients are with a birth control ring or
metallic implantation, or have intolerance to long time
examination, spectral CT is a reliable method for SpA
diagnosis. Additionally, in this study, 13 (17.1%) patients
had bone sclerosis on spectral CT but had no corresponding
findings on MRI. Eighteen (23.7%) patients had bone cortex
erosions on spectral CT but had no such findings on MRI.
Spectral CT could detect the small bone erosions and slight
bone sclerosis. What is more, it could also quantitatively
measure bone marrow edema and bone sclerosis in the SIJs
of SpA patients.
In all of the diagnosis performance indices of iliac
spectral CT parameters (Table 3), the sensitivity of the
slope of the HU curve is the highest, but its specificity is
also the lowest. That is to say, the misdiagnosis rate is high
when one is using the slope of the HU curve as the only
diagnosis index. The positive likelihood ratio (the ratio of
true positive rate and false positive rate) of the ratio of
calcium concentration is the highest. The positive likeli-
hood ratio is not influenced by disease prevalence and is
the common concern among clinicians. The diagnostic odds
ratio of rate of calcium concentration is the highestdthat
is to say, this index has the highest ability to distinguish SpA
and nLBP.
In this study, the histological structures of sacra and ilia
in nLBP and SpA patients were the bone tissues, so the
attenuation to X-ray photon energy curves (Figure 2) were
observed to steadily decrease with higher energy levels.
Because the component contents (calcium, water, fat,
etc.) of sacra and ilia were different between nLBP and SpA
patients, the slope of HU curves were significantly different
between the nLBP and SpA groups.
The ratio of water and calcium concentrations of SpA
patients were both higher than those of nLBP patients in
the ilium. This may be related with the chronic inflamma-
tion and inflammatory infiltration in the SIJ. The proin-
flammatory cytokines stimulate the osteoclast
differentiation and function.17 Meanwhile, the serum
osteoprotegerin levels were increased to regulate bone
resorption by inhibiting osteoclast differentiation and
activation and inducing osteoclast apoptosis.18
In patients with SpA, iliac ratio of calcium and water
concentrations increased more dramatically than these
values on the sacral side of the SIJ. This finding confirms theresults of previous studies in early ankylosing spondylitis
patients that found the ilium to be involved earlier in the
disease process than the sacrum.19,20 There are several
proposed mechanisms for this. For one, the cartilage on the
ilial side (0.8 mm) is thinner than that on the sacral side
(1.8 mm).21 Moreover, iliac cartilage is by a mixture of
hyaline and fibrocartilage, whereas the sacral cartilage is
purely hyaline.22 It may thus target the interface between
the bone and fibrocartilage,23 similar to the hypothesized
mechanism for enthesitis. Finally, distribution of weight-
bearing forces may differ between the sides of the SIJs,24
thus contributing to the differential onset of inflammation
between the sacral and iliac sides of the SIJ.
The initial velocity (velocity of X-ray converting to
visible light) of spectral CT is faster than that of conven-
tional CT by about 100 times, and the emptying rate
(afterglow effect) is faster than that of conventional CT by
about four times. So, the radiation dose of spectral CT is
lower than that of conventional CT.
This study has several limitations. First, there was a
selection bias in the retrospective study. Second, this study
lacks SIJ degeneration or osteitis condensans ilii cases,
whose clinical symptoms are similar to those of SpA. In
future studies, it may also be useful to assess the differ-
ences in the ratio of water and calcium concentrations in
these groups. Third, further study may be needed to
correlate the findings of spectral CT imaging with those of
MRI for the differential diagnosis of sacroiliitis in patients
with and without SpA.
Conclusion
Spectral CT not only shows bone erosion and sclerosis, but
may also show and quantitatively measure bone marrow
edema in the SIJs of SpA patients.Acknowledgments
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